Glucocorticoids depress bone formation by inhibiting osteoblastogenesis and increasing osteoblast apoptosis. However, the role of bone resorption in the initial rapid phase of bone loss characteristic of glucocorticoid-induced osteoporosis is unexplained, and the reason for the efficacy of bisphosphonates in this condition remains unknown. We report that in murine osteoclast cultures, glucocorticoids prolonged the baseline survival of osteoclasts and antagonized bisphosphonate-induced caspase activation and apoptosis by a glucocorticoid receptor-mediated action. Consistent with the in vitro evidence, in a murine model of glucocorticoid-induced osteoporosis, the number of cancellous osteoclasts increased, even though osteoclast progenitor number was reduced. Moreover, in mice receiving both glucocorticoids and bisphosphonates, the expected proapoptotic effect of bisphosphonates on osteoclasts was abrogated, as evidenced by maintenance of osteoclast numbers and, additionally, loss of bone density. In contrast, bisphosphonate administration prevented glucocorticoidinduced osteoblast apoptosis. These results indicate that the early loss of bone with glucocorticoid excess is caused by extension of the life span of pre-existing osteoclasts, an effect not preventable by bisphosphonates. Therefore, the early beneficial effects of these agents must be due, in part, to prolonging the life span of osteoblasts.
induced osteoporosis (11, 20) . However, the role of bone resorption in the early phase of glucocorticoidinduced bone loss remains unclear.
We now report that in mice treated with glucocorticoids for 10 days, the number of osteoclasts on cancellous bone increased, despite a decrease in the number of osteoclast progenitors in the bone marrow. In murine osteoclast cultures, glucocorticoids enhanced osteoclast survival, antagonized bisphosphonateinduced activation of caspase-3, caspase-8, and caspase-9 through a mechanism using the glucocorticoid receptor, and prevented one of the well-known actions of bisphosphonates, the induction of osteoclast apoptosis (14) . Consistent with the in vitro evidence, in mice receiving both glucocorticoids and bisphosphonates the expected proapoptotic effect of bisphosphonates on osteoclasts was abrogated, as evidenced by maintenance of cancellous osteoclast numbers and loss of bone density. Despite this early failure to prevent bone loss and decrease osteoclast numbers, bisphosphonate administration did prevent glucocorticoid-induced osteoblast apoptosis.
Methods
Animals. C57Bl and Swiss Webster mice (Charles River Laboratories, Stone Ridge, New York, USA) were used. At 4 months of age, male Swiss Webster mice were electronically tagged (Biomedic Data System Inc., Maywood, New Jersey, USA) and kept in plastic cages (1 animal per cage) under standard laboratory conditions with a 12-hour dark/12-hour light cycle, a constant temperature of 20°C, and humidity of 48%. All mice were fed on a standard rodent diet (Agway RMH 3000; Arlington Heights, Illinois, USA) containing 22% protein, 5% fat, 5% fiber, 6% ash, 3.5 Kcal/g, 1.0 IU vitamin D 3 /g, 0.97% calcium, and 0.85% phosphorus with water ad libitum. The animals were weighed at the beginning and end of each experiment. The University of Arkansas for Medical Sciences (UAMS) Division of Laboratory and Animal Medicine approved the protocols.
Osteoclast survival assay. Bone marrow cells were harvested from femora of C57Bl mice (Charles River Laboratories) and cultured in αMEM media with 10% FBS (HyClone Laboratories, Logan, Utah, USA) for 2 days. Nonadherent cells were collected and aliquots of 0.2 × 10 6 cells were plated on 16-well chamber slides in αMEM media with 10% FBS containing 30 ng/ml human recombinant M-CSF (R & D Systems Inc., Minneapolis, Minnesota, USA) and 30 ng/ml receptor activator of NF-κB ligand (RANKL) (Amgen Inc., Thousand Oaks, California, USA) for 3-4 days. Media was then changed to fresh αMEM, M-CSF, and RANKL with 10% charcoal-stripped FBS, and the cells were incubated in triplicate for 1 hour with vehicle or 10 -5 M alendronate before addition of 10 -7 to 10 -10 M dexamethasone for 24 hours. Floating cells were removed and the attached cells fixed with 2% paraformaldehyde for 15 minutes at room temperature. Floating cells average about 10 per well and attached cells 200 ± 40; thus, it is unlikely that exclusion of the floating cells interfered with the assessment. After washing with TBS, incubating with 3% hydrogen peroxide for 15 minutes, and blocking with 10% goat serum for 30-60 minutes, cells were incubated with active caspase-3 Ab (Santa Cruz Biotechnology Inc., Santa Cruz, California, USA) (1:50 in 2% goat serum in TBS) for 2 hours followed by biotinylated anti-rabbit Ab for 30 minutes and immunoperoxidase staining. Tartrate-resistant acid phosphatase (TRAPase) counterstaining was used to measure total osteoclast number. Apoptotic osteoclasts were identified as dark brown cells (active caspase positive) in each well and expressed as the percentage of total osteoclasts per well.
In addition, cells were incubated in triplicate for 1 hour with vehicle or 10 -5 M alendronate before addition of 10 -9 M dexamethasone, 10 -8 M mifepristone (RU 486), or both for 24 hours, and aliquots of the supernatants from the wells were evaluated using fluorogenic substrates (Biomol Research Laboratories, Plymouth Meeting, Pennsylvania, USA) to measure the enzyme activity of caspase-3, caspase-8, and caspase-9.
Bone densitometry. Dual-energy x-ray absorptiometry (DEXA) was used to determine spinal bone mineral density (BMD) in live mice as previously described (21, 22) . Over the past 3 years, the coefficient of variation of the measurement done on a plastic-embedded whole mouse skeleton was 1.8% (n = 202). BMD determinations were done at 2-week intervals to identify the peak adult bone mass of the mice, which was reached between 5 and 6 months of age (20) (21) (22) . Before the experiment began, BMD measurements were repeated to allocate the animals into groups with equivalent spinal BMD values.
Glucocorticoid administration. Slow-release pellets (Innovative Research of America, Sarasota, Florida, USA) of placebo or 2.1 mg/kg/day of prednisolone were then implanted for 4, 10, or 27 days, as described previously (20) . For dynamic histomorphometric measurements at the 10-day time point, tetracycline HCl (30 mg/kg body weight) was given intraperitoneally 6 and 2 days before sacrifice. At the time of sacrifice, bone marrow aspirates were obtained from the right femur for ex vivo marrow cell cultures, and the left distal femur and lumbar vertebrae (L1-L4) were prepared for histomorphometric analysis.
Detection and quantification of osteoblast and osteoclast progenitors. Femoral marrow cells were obtained as described previously (23) . The number of osteoblast progenitors (CFU-OB) in the marrow isolate was determined by culturing cells at 2.0 × 10 6 cells per 10-cm 2 well for 25-28 days with irradiated guinea pig feeder cells in phenol red-free αMEM containing 15% preselected FBS and 1 mM ascorbate-2-phosphate. One-half of the medium was replaced every 5 days. Colonies containing osteoblasts were visualized by Von Kossa staining.
CFU-OB replication in vitro was determined as described previously (23) . One aliquot of cells was used to determine the number of CFU-OB per 10 6 marrow cells in the initial isolate, as described above. A second aliquot was used to establish replicate cultures of cells in type I collagen gels at 5 × 10 6 cells in 1 ml of gel, which were then maintained in the absence or presence of 10 nM prednisolone for 7 days. The cells were then dispersed using bacterial collagenase, and the number of CFU-OB within each gel was determined. To calculate the fold increase in CFU-OB during culture in the collagen gels, the number of CFU-OB obtained per gel (after 7 days of culture) was divided by the number of CFU-OB initially incorporated into the collagen gel.
The number of osteoclast progenitors within the marrow isolate was determined by coculturing 75,000 marrow cells with 8,000 UAMS-32 stromal/osteoblastic cells for 8 days in a 2-cm 2 well in the presence of 10% FBS in phenol red-free αMEM supplemented with 10 nM 1,25(OH) 2 D 3 to stimulate osteoclast formation, as described previously (24) . Replicate cultures (n = 4-6) were established from each animal. Osteoclastic cells were enumerated after staining for TRAPase; both mononucleated and multinucleated cells were counted.
Bisphosphonate administration. To examine the impact of an antiresorptive agent on the loss of bone density that accompanies glucocorticoid excess, we pretreated the mice with subcutaneous injections of 0.75 mg/kg/day of alendronate (4-amino-1-hydroxybutylidene-1,1-bisphosphonate; obtained from C.W.G.M. Löwik, University Hospital, Leiden, The Netherlands) dissolved in saline or saline alone beginning 3 days before prednisolone or placebo administration and then continued as daily injections during glucocorticoid administration. That this dose of alendronate is adequate has been shown by our previous findings that administration of one-third of this amount of alendronate prevented the increase in urinary free deoxypyridinoline excretion and serum osteocalcin that occurs in mice after ovariectomy (25) .
Histomorphometric analysis. The lumbar vertebrae were fixed, embedded undecalcified in methyl methacrylate, and stained as described previously (20) (21) (22) . The histomorphometric examination was done with a computer and digitizer tablet (OsteoMetrics Inc., Atlanta, Georgia, USA) interfaced to a Zeiss Axioscope (Carl Zeiss Inc., Thornwood, New York, USA) with a drawing
Figure 1
Glucocorticoids alter the birth and death of osteoclasts. (a) Osteoclast apoptosis after vehicle, alendronate, dexamethasone, or preincubation for 1 hour with alendronate followed by dexamethasone. *P < 0.05 vs. vehicle; **P < 0.0001 vs. vehicle. (b) Caspase-3 activation in arbitrary fluorescent units (AFU) per minute per milligram of protein after vehicle; alendronate; dexamethasone; alendronate followed by dexamethasone; alendronate, dexamethasone, and RU 486; alendronate and RU 486; or RU 486 alone. *P < 0.0001 vs. vehicle. (c) Caspase-9 activation after vehicle; alendronate; dexamethasone; alendronate followed by dexamethasone; alendronate, dexamethasone and RU 486; alendronate and RU 486; or RU 486 alone. *P < 0.005 vs. vehicle. (d) Quantification of osteoclast precursors in bone marrow taken from animals sacrificed at 4 and 10 days after exposure to placebo (white bars) or prednisolone (black bars). *P < 0.02 vs. placebo.
tube attachment. The identity of each specimen was concealed from the histomorphometry reader. All measurements were two-dimensional, confined to the secondary spongiosa, and made at ×400 magnification (numerical aperture 0.75). The terminology used was that recommended by the Histomorphometry Nomenclature Committee of the American Society for Bone and Mineral Research (26) .
Static measurements of cancellous bone. Cancellous bone area, trabecular width, and osteoid area, perimeter, and width were measured as described previously (20) . The osteoblast perimeter was expressed as a percentage of the total cancellous perimeter and also as the number of osteoblasts palisading osteoid per millimeter of cancellous perimeter. Likewise, the osteoclast perimeter was expressed as a percentage of the total cancellous perimeter covered by TRAPase-positive osteoclasts and as the number of osteoclasts per millimeter of cancellous perimeter. The ratio of osteoclasts to osteoblasts was also expressed as both the percentage and number of cells.
Dynamic measurements of cancellous bone. The rate of mineral apposition was calculated as the mean distance between the midpoints of the two tetracycline labels divided by the interdose duration (4 days). The mineralizing perimeter and rate of bone formation per cancellous perimeter (square micrometer per micrometer per day) were calculated as described previously (20, 21) .
Measurement of apoptosis in undecalcified bone sections. Apoptosis was detected by in situ nick-end labeling (ISEL) using Klenow terminal deoxynucleotidyl transferase (Oncogene Research Products, Cambridge, Massachusetts, USA) as described previously (27) . Sections were counterstained with 0.5-3% methyl green. Plastic-embedded sections of vertebrae taken from orchidectomized adult mice were used as a positive control. Omitting the transferase made negative controls. Apoptotic osteoblasts were identified as ISEL-positive cells lining the osteoid-covered cancellous perimeter.
Statistics. In the osteoclast apoptosis assay, drug effects were examined using one-way ANOVA. In addition, a dose-response test for a linear trend between vehicle and dexamethasone was done using linear contrast coefficients. To evaluate the changes in ex vivo marrow cell cultures and 4-and 10-day BMD measurements, we used two-way ANOVA. If variances were unequal, a Satterthwaite approximation was used to determine the degrees of freedom. Differences between group means with the CFU-OB replication assay were evaluated with Student t tests. Serial changes in BMD were analyzed using a mixed effects model of repeated measures (28) . Histomorphometric data were examined by one-way ANOVA. Comparisons of interest were specified a priori and their P values adjusted with Bonferroni's correction (29) . Pearson correlation coefficients were calculated to test for an association between two independently measured variables. P values less than 0.05 were considered significant.
Results

Effects of glucocorticoids on osteoclast survival in vitro.
As expected, addition of alendronate (10 -5 M) to osteoclast cultures obtained from murine bone marrow cells in the presence of M-CSF and RANKL caused more than a threefold increase in the percentage of apoptotic osteoclasts (Figure 1a) . Strikingly, when dexamethasone at 10 -10 to 10 -7 M was combined with the alendronate, osteoclast apoptosis was completely abrogated, with values not significantly different from that seen with vehicle alone. Dexamethasone alone also reduced osteoclast apoptosis with the 10 -8 and 10 -7 M concentrations as compared with vehicle. Furthermore, there was a linear trend for the doses of dexamethasone
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The Values are expressed as the mean ± SD (n = 5-9 animals per group). A P < 0.002 and B P < 0.02 vs. placebo and vehicle; C P < 0.05 vs. prednisone and vehicle; all by ANOVA.
alone to reduce the percentage of apoptotic osteoclasts as compared with vehicle (P < 0.0002), strong evidence that glucocorticoids increase osteoclast survival even in the absence of an added proapoptotic agent. Similar results were seen in a second experiment. Consistent with the results above, dexamethasone completely inhibited alendronate-induced activation of caspase-3 ( Figure 1b ) and caspase-9 ( Figure 1c) . Dexamethasone also inhibited a 2.4-fold increase in caspase-8 activation induced by alendronate (P < 0.02, data not shown). This effect was evidently mediated by the glucocorticoid receptor as revealed by its full blockade with 10 -8 M RU 486, a potent glucocorticoid receptor antagonist (30) . RU 486 had no effect of its own on activation of caspase-3, caspase-8, or caspase-9. Similar results were reproduced in a second experiment.
Effects of glucocorticoid administration on bone marrow content of osteoclast and osteoblast progenitors. In ex vivo marrow cell cultures from mice receiving prednisolone for 4 or 10 days, the number of osteoclastic cells formed in response to 1,25(OH) 2 D 3 was decreased by 55% and 41%, respectively (Figure 1d) , a finding reflecting a reduction in the number of osteoclast progenitors in the bone marrow.
In parallel bone marrow cell cultures from the animals receiving prednisolone, the number of osteoblast progenitors represented by CFU-OB colonies decreased by 74% after 10 days of glucocorticoid administration when compared with placebo controls, but there was no significant change after only 4 days (Figure 2a) . Consistent with the prednisolone-induced reduction in CFU-OB, 10 nM prednisolone in vitro attenuated the replication of these transit-amplifying osteoblast progenitors in murine bone marrow cells by approximately 60% (Figure 2b) .
Demonstration of early loss of bone density in mice receiving prednisolone. In an experiment that lasted 27 days, animals receiving prednisolone (n = 7) exhibited significant early decreases in spinal BMD from that seen in the placebo group (n = 8) by 6 days after drug administration (7.4%) (Figure 3a ). This was followed by an additional 2% decrease from the day 6 values by day 27, a two-phase time course similar to that found in patients treated with glucocorticoids. In the placebo group of these 7-month-old animals, the decrease in BMD was not significant. The prednisolone-induced early loss of BMD has been reproduced in multiple experiments [n = 6; 8.8% ± 1.0 (SEM)]. The bone loss was not due to changes in food intake, body weight, or seminal vesicle weight, and hepatic fatty infiltration was absent, consistent with previous observations (20) . In a second experiment, we sacrificed animals at 4 and 10 days to bracket the 6-day time point and, in the case of the latter time point, to allow sufficient time to administer two doses of tetracycline by day 10 for measurement of the bone formation rate. Mice implanted with prednisolone pellets (7-10 animals per group) exhibited a 10% decline in spinal BMD when compared with animals receiving placebo pellets after 10 days of glucocorticoid administration. However, there were no significant changes in BMD after only 4 days (Figure 3b) .
Effects of glucocorticoid administration for 10 days on vertebral bone histomorphometry. With prednisolone administration, the number of osteoclasts per millimeter of the cancellous perimeter was increased by 81%, resulting in a greater than 20-fold increase in the ratio of cancellous osteoclasts to osteoblasts ( Table 1 ). Erosion cavities devoid of osteoclasts, the reversal perimeter, were also increased by 68%, a finding reflecting delayed bone formation.
Lumbar cancellous bone demonstrated a 91% decrease in the rate of bone formation. Consistent with the fall in bone formation, osteoid area, osteoid perimeter, osteoblast perimeter, and mineralizing perimeter significantly decreased by 88-91%, but the reduction in osteoid width was not significant. The change in spinal BMD inversely correlated with the cancellous osteoclast-to-osteoblast ratio on a percentage of bone perimeter referent (Figure 4 ). In this short-term experiment, there were no significant changes in cancellous bone area or trabecular width (data not shown).
As reported previously by Hughes et al., the prevalence of cancellous osteoclast apoptosis in 4-week-old mice is only 0.2% (31) . In 7-month-old mice, we were able to detect only 1.23 ± 0.38 osteoclasts/mm (Table  1) or about 66 ± 14 osteoclasts per cancellous bone longitudinal section of L1-4. Using the above numbers, 0.13 ± 0.03 apoptotic osteoclasts could have been present. Because of this scarcity, we were unable to determine the prevalence of this phenomenon.
In vertebrae taken from mice receiving prednisolone, there was an 112% increase in cancellous osteoblast apoptosis when compared with controls (Table 1) . Morphological changes typical of apoptosis accompanied the ISEL-positive osteoblasts and included discretely condensed chromatin, nuclear fragmentation, and cell shrinkage ( Figure 5) .
Effects of bisphosphonate administration on prednisoloneinduced bone changes. In animals receiving alendronate and placebo pellets, the expected decrease in bone remodeling (32) was manifest as diminished osteoid area and perimeter, decreased osteoblast perimeter, and reductions in mineralizing perimeter and bone formation rate (Table 1) . Consistent with the unimpaired mineralization with alendronate administration observed previously (33) , osteoid width remained normal. Moreover, the number of osteoclasts per millimeter of cancellous bone decreased 50% when compared with animals receiving vehicle and placebo pellets. Thus, alendronate bioavailability was adequate. However, even when given as daily injections for 3 days before and continued throughout prednisolone administration, alendronate partially attenuated but did not stop the significant decline in spinal BMD measured at 10 days and failed to decrease the number of osteoclasts on cancellous bone; it did, however, prevent glucocorticoid-induced apoptosis of cancellous osteoblasts ( Table 1) . Maintenance of cancellous osteoclasts in the prednisolone and alendronate group is particularly conspicuous considering the concurrent 56% decrease in the rate of bone formation.
Discussion
Skeletal maintenance during normal bone remodeling requires balance between the number of mature osteoclasts and osteoblasts that implement the remodeling process. Such balance is determined by the frequency of division of the appropriate precursors and the life span of their progeny, reflecting the timing of death by apoptosis (34) . The results of the present short-term studies demonstrate that 10 days of glucocorticoid administration increases osteoclast numbers despite decreased osteoclast production, most likely by decreasing osteoclast apoptosis. This effect is temporally linked with loss of BMD. Moreover, our results indicate that glucocorticoids antagonize the proapoptotic effect of bisphosphonates on osteoclasts. The mechanism underlying this antagonism involves inhibition of alendronate-induced activation of caspase-3, the major effector caspase activated in osteoclasts undergoing apoptosis following exposure to nitrogencontaining bisphosphonates (35) . In addition, we have shown that alendronate stimulates activation of caspase-8 and caspase-9 and that this activation is also
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Figure 5
Osteoblast apoptosis in murine vertebral cancellous bone. Apoptotic osteoblasts were identified by brown ISEL staining and morphological features such as nuclear fragmentation and chromatic condensation. Methyl green counterstain viewed with Nomarski differential interference microscopy (original magnification ×630).
Figure 4
The percentage of change in spinal BMD in Swiss Webster mice is plotted against the cancellous osteoblast/osteoclast ratio on a percentage of bone perimeter referent (r = -0.73, P < 0.01).
antagonized by dexamethasone. Furthermore, the inhibitory effect of dexamethasone is mediated by the glucocorticoid receptor as revealed by full blockade of the inhibition with RU 486. At any time during the excavation of an erosion bay, the number of resident osteoclasts depends both on the number initially assembled on the activated bone surface and on the number that have so far escaped death by apoptosis. Each osteoclast has only a temporary existence, and continuing bone resorption requires the uninterrupted arrival of new preosteoclasts from the circulation (36) . Based on dynamic histomorphometry of the murine vertebral secondary spongiosa, we calculated that the mean active life span of an osteoblast on cancellous bone is about 12 days (20) . In humans, the ratio of the life span of an osteoclast to that of an osteoblast is 21 days/90 days (36) . From these calculations, we estimate that the mean active life span of a murine osteoclast is about 3 days. This estimate is consistent with our conclusion that an increase in the number of cancellous osteoclasts after 10 days of glucocorticoid administration, despite a reduction in osteoclastogenesis, could only result from prolongation of osteoclast life span. Our estimate may have a higher margin of error than would be ideal, but the increase in cancellous osteoclast numbers in spite of decreased production of osteoclast progenitors after 10 days of glucocorticoid administration strongly indicates an increase in osteoclast life span. Our observations are also consistent with our earlier findings of a doubling of the osteoclast perimeter by day 7 of glucocorticoid administration (20) . By day 10, these events, although beginning to wane, still result in a greater than 20-fold increase in the ratio of osteoclasts to osteoblasts and in loss of BMD (Figure 4) .
We have found previously that administration of alendronate with prednisolone prevented loss of BMD after 8 weeks (18) . In the present experiment, 10 days of alendronate did not prevent glucocorticoid-induced loss of BMD or decrease the number of cancellous osteoclasts, but it did protect osteoblasts from glucocorticoid-induced apoptosis. These findings are consistent with the evidence obtained in the rat that even though hydrocortisone and dexamethasone inhibit osteoclast recruitment, they stimulate bone resorption by existing osteoclastic cells (37) . Furthermore, corticosterone has been shown to cause a transient increase in osteoclast number and bone resorption in cultures of fetal rat parietal bones (38) .
If the initial increase in bone resorption is due to prolongation of osteoclast life span, which is refractory to bisphosphonates, how do these agents prevent bone loss and reduce bone turnover in glucocorticoid-treated patients? In most clinical studies, the earliest measurements are made at 3-6 months after initiation of treatment (11) (12) (13) , so that very early bone loss could have escaped detection. Nevertheless, the mechanism of the bone protection requires explanation. The impact of the antiapoptotic effect of glucocorticoids on osteoclasts might wane with time because of the fall in osteoclastogenesis. Eventually the proapoptotic effect of bisphosphonates may become more important. According to this scenario, bone turnover is already reduced in glucocorticoid-treated patients, but further reduction by bisphosphonates would contribute to the bone-sparing effect (11, 13) . However, we propose that the most important effect is the prolongation of osteoblast life span by bisphosphonates, so that even if total body bone formation remained depressed, focal bone formation relative to resorption could be increased.
In conclusion, the demonstration that glucocorticoids prevent osteoclast apoptosis in vitro and in vivo and that this protection cannot be thwarted by bisphosphonate treatment explains the early increase in bone resorption. Glucocorticoids increase osteoclast life span and bisphosphonates decrease it; in the short-term, the glucocorticoid effect outweighs that of the bisphosphonate, but in the long term the balance may be reversed as the decimated osteoclastogenesis fails to supply new osteoclasts. The long-term beneficial effects of bisphosphonates on bone mass may be at least partly due to postponing apoptosis and thus prolonging osteoblast life span.
